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Abstract 
 20 
The development of nanoscience and nanotechnology in the field of ceramics has brought 
new opportunities for the development of virus removal techniques. A number of 
nanoceramics, including nanostructured alumina, titania, zirconia etc. have been introduced 
for the applications in virus removal/separation. Filtration or adsorption of viruses and thus 
the removal of viruses through nanoceramics, such as nanoporous/mesoporous ceramic 25 
membranes, ceramic nanofibres, and ceramic nanoparticles will make it possible to produce 
an efficient system for virus removal from blood and with excellent chemical/thermal 
stability. Currently nanoceramic membranes and filters based on sol-gel alumina membranes 
and NanoCeram® nanofibre filters have been commercialized and applied to remove viruses 
from the blood. Nevertheless, filtration using nanoprous filters is limited to the removal of 30 
only free viruses in the bloodstream.   
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1. Introduction 
The risks associated with blood and blood products contaminated with viruses, such as 
human immunodeficiency virus (HIV) and hepatitis, have been an ongoing concern in the 40 
health care industry. As reported by the World Health Organization (WHO), HIV has 
infected about 39.5 million people in the world, and more than 350 million people are 
infected with hepatitis B virus (HBV), which kills more than one million each year due to 
acute and chronic hepatitis and hepatocellular carcinoma.  
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Numerous attempts have been made to prevent, or eliminate, viral contamination in solutions 
by inactivating the viruses. Viruses in many aqueous solutions can easily be inactivated by 
pasteurization or thermal inactivation [1], radiation [2] and/or chemical [3] sterilization. 
Hydrophobic interaction chromatography has also been investigated to remove viruses from 
a solution. However, all of these methods have a common disadvantage, i.e. the loss of the 5 
protein functional activity after the treatment. Although antibody-based chromatography can 
avoid this, it is too specific and always leads to failure in binding the target viruses [4].  
It should be noted that the problems encountered in viral inactivation in blood and protein 
solutions are distinct from the problems of viral inactivation in other aqueous solutions. In 
fact, either whole blood, or some separated blood fractions, or other protein solutions from a 10 
blood are sensitive to the physical or chemical treatments. Thus, novel, safe, and effective 
methods for virus removal from blood are required.  
Contaminated human blood, or blood from patients with HIV/ HBV, can be purified by 
filtration of the freely moving viruses. In this aspect, nanomaterials become increasingly 
important. The aim of this review is to summarise research related to the virus removal 15 
methods developed to date. A particular focus is on the potential applications of 
nanoceramics (e.g. nanoparticles, nanofibres, nanoporous coatings or membranes) for the 
removal of viruses from blood.  
 
2. Blood constituents and viruses in blood 20 
2.1  Blood constituents  
Blood is a living tissue composed of blood cells suspended in plasma and accounts for 7% of 
the human body weight, with an average density of approximately 1060 kg/m³; very close to 
pure water's density of 1000 kg/m3 [101]. The average adult has a blood volume of roughly 5 
litres. By far the most abundant cells in blood are erythrocytes (red blood cells), which 25 
constitute about 45% of the whole blood by volume. The iron-containing heme portion of 
hemoglobin facilitates hemoglobin-bound transportation of oxygen and carbon dioxide by 
selectively binding to these respiratory gasses, thereby increasing their solubility in blood. 
Leukocytes (white blood cells) help to resist infections and thrombocytes (platelets) are 
important in the clotting of blood. Plasma, which is 92% water, makes up the remaining 55% 30 
of the whole blood by volume [102]. 
2.2  Size of Viruses and Viruses in Blood 
The majority of viruses which have been studied have a capsid diameter between 10 and 300 
nm (nanometres). Some filoviruses have a total length of up to 1400 nm, although their 
capsid diameters are only about 80 nm. A notable exception to the normal viral size range is 35 
the recently discovered mimivirus, with a diameter of 750 nm, which is larger than a 
Mycoplasma bacterium [5,6]. The mimivirus also holds the record for the largest viral 
genome size, possessing about 1000 genes (some bacteria only possess 400) on a genome 
approximately 1.2 megabases in length [7]. The severe acute respiratory syndrome (SARS) 
corona virus is 80–200 nm in size while the diameter of avian flu virus is 80-120 nm [8]. 40 
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The blood-borne viruses are those that are transmitted through contact with infected blood, 
e.g. HIV and several hepatitis viruses. HIV is a retrovirus that can lead to acquired 
immunodeficiency syndrome (AIDS), a condition in humans where the immune system 
begins to fail, leading to life-threatening opportunistic infections.  Hepatitis implies injury to 
liver characterised by presence of inflammatory cells in the liver tissue. There are various 5 
types of hepatitis viruses; the blood-borne hepatitis viruses include Hepatitis B virus (HBV), 
Hepatitis C virus (HCV), Hepatitis D virus (HDV), etc. Among these, Hepatitis B virus has 
caused current epidemics in parts of Asia and Africa [103].  The diameter of HIV virus is 
between 100-120 nm, and the size of HBV is approximately 40 nm, surrounded by a 
membrane envelope [104]. Parvovirus B19 (B19 virus) was the first (and until 2005 the only) 10 
known human parvovirus. It was discovered by chance in 1975 by Australian virologist 
Yvonne Cossart [1]. It gained its name because it was discovered in well B19 of a large 
series of petri dishes apparently numbered in this way [2]. 
Figure 1 illustrates the size range of viruses in comparison with atoms and proteins. 
 15 
Figure 1. Illustration of the size range of atoms, proteins, and viruses. 
 
3. Current Methods for Virus Removal  
3.1 Filtration of Viruses 
Filtration of viruses from the blood, or other solutions, is believed to be an effective way to 20 
remove the viruses. A porcelain filter to remove viruses from solutions was firstly developed 
by Charles Chamberland in the late 19th century. However it could only filter out bacteria 
rather than smaller viable viruses [9]. Wang et al. [201] invented an improved method and an 
adsorbent for implementing the method to remove the viruses.  
 25 
Filters generally include membrane filters and depth filters [105]. Depth filters have a 
fibrous, granular or sintered matrix that produces a random porous structure. Particles to be 
removed will be trapped in the connected pore channels. The principal retention mechanisms 
are random adsorption and mechanical entrapment throughout the depth of the matrix. On 
the other hand, membrane filters are porous structures where the particles to be removed are 30 
retained on the surface or within a given fraction of the membrane thickness. Most of the 
particles and micro-organisms larger than the pore size of the membrane filters will be 
retained and separated. In other words, complete removal of the virus through simple 
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filtration is hard to achieve, as there is always a distribution of pore sizes. For the safety 
reason, two orthogonal viral clearance steps are required by the regulatory authorities. 
 
Membrane filters, which are generally polymeric, screen particles using pores smaller than 
the particles to be removed [10]. Membrane filters are being increasingly used for the direct 5 
treatment of drinking water. Over 300 large water treatment facilities located in the USA and 
Europe are currently based on membrane filters [11]. Depth filters, on the other hand, have a 
random array of irregularly shaped pores that are generally larger than the particles to be 
removed. Thin layers of such depth filters are generally ineffective in filtering out small 
particles. However, by thickening the depth filter, i.e. by using a subsequent layer to 10 
counteract the larger pores of the previous layer, the average pore size will decrease as the 
depth filter is thickened. A depth filter is generally capable of removing approximately 85-
95% of particles; however its use for complete sanitization of viruses has never been 
achieved due to the limitation of its porous structure. Membrane filters can be used for final 
filtration, whereas a depth filter can be used as a prefilter to prolong the life of a downstream 15 
membrane. In other words, membrane filters and depth filters offer certain advantages and 
limitations and can complement each other when used together in a filtration system. 
The key parameters used to assess nanofiltration/ultrafiltration are permeate flux, virus LRV 
(log reduction value) and protein sieving coefficient. The latter two are defined as follows 
[12]: 20 
LRV = 
ionconcentrat virusfeed
ionconcentrat  viruspermeatelog10−  
Sieving coefficient = 
ionconcentrat protein feed
ionconcentrat protein permeate  
 
3.2  Filtration with organic filters 
 25 
Due to the ease of manufacturing and the low costs, organic or plastic material-based 
membrane filters are commonly used nowadays for microfiltration (MF) and nanofiltration 
(NF). MF is the process of removing contaminants in the 0.025 to 10.0 µm range from fluids 
by passage through a microporous medium, such as a membrane filter. On the other hand, 
NF involves the filtration of minute particles using a membrane filter with extremely small 30 
pores and is especially effective in the removal of non-enveloped viruses that are resistant to 
inactivation methods such as heat or solvent/detergent treatments [13-17]. The NF method 
uses a pressure driven separation process, with electrolyte selectivity dependent on the pore 
size provided by the membrane structure and the membrane pore potential characteristics.   
 35 
Kang and Shah reported [18] microporous polypropylene membrane filters modified with a 
cationic surfactant for separating particles of about 60 nm. A class of organic polymer 
membranes has been commercialized owing to the low production costs [19]. Van Holten et 
al. [19] evaluated the ability of the ViresolveTM 180 (Millipore Corp, Bedford, MA) size-
exclusion filter, to remove blood-borne pathogens over a wide range of sizes and 40 
physiochemical characteristics from resuspended precipitates. It is reported that, with a 
nominal pore size of about 12–18 nm, this size-exclusion membrane could clear HCV 
(hepatitis C virus) RNA to undetectable levels in the permeate [20].  
Aethlon Medical is developing a hollow-fiber hemodialysis device designed to remove 
viruses and toxins from blood, which include HIV and pox-viruses [21]. Another 45 
commercial product for virus removal is known as Planova, developed by Asahi Kasei 
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Corporation. Planova is made of Bemberg Microporous Membrane (BMM) hollow fibre 
membranes, which are composed of naturally hydrophilic cuprammonium regenerated 
cellulose with a narrow pore distribution. Each membrane has a multilayered pore structure, 
approximately 150 layers thick, consisting of large, bulky void pores connected by fine 
capillary pores. Planova 35N and 15N have nominal mean pore sizes of 35 and 15 nm, 5 
respectively. Planova 35N is suitable for removing viruses ranging from 35 to 100 nm, such 
as HIV, HCV, etc., and Planova 15N is effective for removing viruses of less than 35nm, 
such as parvoviruses [22].  
Menon et al. [21] have developed a hollow-fiber affinity dialysis cartridge designed to 
efficiently remove HIV viral proteins from the blood of HIV-infected patients. More recently, 10 
in order to separate the viruses from some proteins by nanofiltration, Yokoyama et al. [23] 
have reported some enhanced nanofiltration methods to remove the small non-lipid-
enveloped viruses such as HAV or human parvovirus B19 (B19V) during the manufacture of 
plasma derivatives, by which the LRV after filtration of B19 in glycine reached 7·5 log.  
 15 
4. Nanoceramics for Virus Removal 
 
Although NF and MF through organic polymer membranes have achieved great success in 
the viral removal, these membranes are susceptible to flux reduction because the high 
pressures associated with the separation processes result in a membrane compaction. Organic 20 
membranes are also vulnerable to oxidizers, acids, or bases in a liquid medium. This 
sensitivity inhibits regeneration and/or disinfection of the membrane once fouling occurs 
from organic debris and inorganic scaling. More chemically resistant organic membranes 
have recently been introduced, but their lack of long term durability still poses problems in 
many scenarios [24].  25 
 
Inorganic membranes can offer high thermal stability, high chemical stability and excellent 
biocompatibility; however the high costs of manufacturing these membranes have prevented 
their widespread uses [25]. Fortunately, research and technological advance has alleviated 
the membrane manufacturing problems and reduced the manufacturing costs so that a few 30 
inorganic NF membranes are now commercially available. Recently, an Australian research 
group led by Zhu et al. [106] has announced that HIV may one day be able to be filtered out 
from the human blood, thus saving the lives of millions of people infected with the virus.  
Several types of nanoceramic materials with different porous structures and/or geometries 
will be introduced in the following sections. They have all been used, or have the potential to 35 
be used, for virus removal from blood.  
4.1 Nanoporous Ceramic Membranes 
Ceramic membranes have attracted considerable attention in many separation processes 
owing to their chemical stability and thermal stability [26-28]. It is reported that these 
ceramic membranes are able to function unaffected within organic and biological systems, 40 
are easily sterilized by using steam treatment and exhibit long operational lives [29,30]. 
Usually, the porous ceramic membranes have an unsymmetrical layered structure, consisting 
of a macroporous (pore size > 400 nm) support, a porous intermediate layer, and a 
nanoporous top layer [31]. Figure 2 schematically illustrates the structure of a ceramic 
 -6-
membrane. The selectivity of this type of membrane is controlled solely by the pore size of 
the top layer and the flux passing through the filter depends, predominantly, on the thickness 
of the top layer. Therefore, the top layer fulfils the actual separation function of the 
membrane [32,33]. Matsushita et al. [34] have studied the relationship between the pore size 
and the filtration efficiency using a bacteriophage Qβ (NBRC 20012) as the model virus, and 5 
proved that the membranes with pore sizes 0.5 and 1.0 μm showed about 1 log less removal 
than the 0.1μm pore-size membrane. 
 
Figure 2. A schematic illustration of a ceramic membrane. 
Sol–gel technology can be used to prepare well-designed ceramic membrane separation 10 
layers. Suspensions of metal oxides or so-called sols are typically used in the sol-gel 
technology [35]. The pore size of the membrane is controlled by the metal oxide primary 
particle size, the packing status of the particles, as well as the temperature used to sinter the 
particles. Ke et al. [8] have developed specially designed ceramic membranes for 
nanofiltration that have the potential to remove viruses from water, air and blood.  15 
Ceramic filtration membranes are already commercially available for some time and are 
offered in different materials and configurations [36]. Schaep et al. [37] produced a 
nanoporous γ-Al2O3 membrane for nanofiltration by a sol gel dipping technique with a 
microporous α-Al2O3 as the support material.  
 20 
Titania ceramic membranes have a unique no neurological toxicity, as well as higher 
stability in organic solvents and caustic media, compared to commercial Al2O3 membranes 
[38] and hence have numerous potential applications in sensitive fields, e.g. food, 
biotechnology and pharmaceutical industries. As early as the 1980s, Gieselmann et al. [39] 
produced supported titania membranes much more permeable to water than alumina 25 
membranes. However, Gestel et al. [40] demonstrated the amphoteric (either acidic or basic) 
character of the TiO2 nanofiltration membranes, meaning the dependence of the permeability 
on the pH level. Titania ceramic membranes with high fluxes can be obtained using the 
asymmetric multiplayer configuration.  
 30 
A wide variety of materials (alumina, titania, zirconia, etc.) can be employed to alter the 
chemical, electrostatic, and/or physical nature of the pore structure and the membrane 
surface [41]. Takagi et al. [42] developed a composite TiO2/Al2O3 membrane through a sol-
gel method and studied the effect of Al2O3 support on the electrical properties of the 
membrane. Aust et al. [43] have used ceramic membranes for many years and have 35 
synthesized TiO2/ZrO2 mixed-oxide membranes through a colloidal sol-gel process [44-46]. 
They reported that the mixed-oxide membranes showed a decrease of the average pore size 
and an increase of the specific surface area compared to the pure oxides. Meanwhile the 
thermal stability of the nanopores was improved, especially for Ti-rich membranes [44]. 
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Shojai and Mäntylä [47] found an obvious weight loss of yttria-doped zirconia (3Y–ZrO2) 
microfiltration membranes in aqueous solutions of acid and base at room temperature (25oC) 
and 80oC. Chang et al. [48] made a comparative study on the thermal stability, hydrothermal 
stability, and chemical stability of alumina, titania and zirconia membranes, and found that 
the stability of the membranes varied with their compositions. Wang et al. [49], on the other 5 
hand, indicated that titania membranes showed higher corrosion resistance than γ-alumina.  
 
4.2 Nanofibre Filters 
Conventional ceramic membrane filters made through sol-gel technology or by sintering of 
colloidal particles, encounter the problem of pinhole or crack formation, resulting in a 10 
dramatic loss of filtration efficiency. The pinhole or crack problem can be absent in newly 
developed nanofibre filters, where the nanofibres are dispersed in a liquid medium, and 
allowed to form a green sheet through a filtration or sedimentation process, followed by 
sintering of the nanofibres. The nanofibre filters can be made to have pores smaller than ~ 5 
nm, which would be effective for filtering viruses (70-1000 nm in diameter) and bacteria. 15 
Various ceramic nanofibres have been recently synthesized such as alumina [50, 51], silica 
[52, 53], titania [54, 55], and rare-earth oxides [56], of which the dimensions can be tailored 
from several nanometers to hundreds of nanometers by simply adjusting the synthesis 
conditions. For example, the thickness of titanate fibres can be adjusted from 10 to 100 nm, 
and the length from 100 nm to 30 μm [54].  20 
 
A commercial product named NanoCeram® composed of alumina (AlOOH) fibres is 
electropositive and can attract and retain electronegative particles. Alumina nanofibres were 
developed in Argonide Corp. in Russia. Argonide immobilized the fibers into a filter and 
subsequently was awarded a contract with NASA to develop a filter for space cabins. The 25 
filters were commercialized in January 2003 in the form of laboratory size filters for biotech 
applications. The filters are highly electropositive as a result of the high surface area, 
covered by hydroxyl groups and attract and retain pathogens and viruses that are principally 
electronegative. The nanoalumina fibers are approximately 2 nm in diameter and several 
hundred nm in length. The filters are rather resistant to clogging, particularly for small (e.g. 30 
virus size) particles, having a typical surface area of 350-500 m2 per gram (see Figure 3). 
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Figure 3. Microimage of NanoCeram® alumina fibres [57]. 
 
NanoCeram® fibers can be combined with submicron glass fibers to form composites that 
will filter sub-micron and nanosize electronegative particles, such as viruses and colloids. 
NanoCeram® fibers have been coated onto carbon and other substrates and may provide a 5 
breathable biological barrier for collective protection. Now, through collaborative research a 
novel fibrous depth filter, comprising alumina nanofibres and microglass has been developed 
that is capable of achieving >6 log retention for viruses [107]. 
 
Electroadhesively grafting of nano-alumina fibers to a microglass fiber has been studied by 10 
Kaledin et al. [108]. The resulting filters are capable of at least 7 logs  of virus clearance in a 
near 1 mm thick layer. The highly porous structure of NanoCeram® could effectively filter 
viruses at flow rates at least two orders of magnitude greater than membranes that have pores 
small enough to exclude viruses. Meanwhile, the nanofibre filters are also far more resistant 
to clogging by sub-micron and nanosize particles than equivalent membranes.  15 
 
Most nanofibres of ceramics can be produced by a sol-gel process variation, with subsequent 
heat treatment to a cut-off temperature. Mention should be made here of the electrospinning 
process, which is one of the most simple and effective ways of producing one-dimensional 
nanostructures, such as nanofibres/nanowires, nanotubes, and nanorods. Electrospinning has 20 
been commonly used for producing polymeric nanofibres. However, using the electrospining 
technique, Kim et al. [58] were able to produce ceramic nanofibres of hydroxyapatite and 
fluorhydroxyapatite. Xia et al. [59] also produced nonofibers of bioactive glasses. While 
these bioactive nanofibres are useful for bone tissue scaffolds, they lack chemical stability 
and thus may not be suitable for use as long-life nanofibre filters. Nevertheless, the 25 
electrospinning has been used to produce bioinert ceramic nanofibres such as alumina, 
titania, etc [60] [61]. 
 
4.3 Nanofibre/porous substrate hierarchical filters 
 30 
To achieve ceramic membranes with high filtration efficiency, hierarchically structured 
nanoceramic filters consisting of both nanofibres and a porous substrate have been 
developed. The use of ceramic nanofibres instead of particulates with irregular shapes to 
fabricate ceramic membranes is a new direction in developing high-performance ceramic 
membranes. Ke et al. [8] constructed a hierarchically structured separation layer of randomly 35 
oriented fibers (LROF) on a porous ceramic substrate as the separation layer. The 
hierarchically structured layer contained titanate and boehmite (AlOOH) nanofibres to 
improve the filtration efficiency of the ceramic membranes; on top of the titanate fiber layer, 
a layer of γ-alumina fibers was formed using boehmite nanofibres. The randomly oriented 
titanate nanofibres could completely cover the rough surface of the porous substrate of 40 
micrometer α-alumina particles, leaving no pinholes or cracks (Figure 4). The resulting 
membranes can effectively filter out species larger than 60 nm at flow rates orders of 
magnitude greater than with conventional membranes, and they do not have the structural 
deficiencies of conventional ceramic membranes. The resulting membranes with such a 
structure should possess the merits of ceramic membranes, being able to withstand steam 45 
cleaning and regeneration at high temperatures. These properties are crucial for the 
applications of the ceramic membranes [35]. It is necessary to mention that, this review tends 
to include the latest development in this field, this novel porous filter reported by Ke et al. 
has the potential to filter the virus beyond 60 nm from blood, the economics factor and the 
practical application is not considered yet. 50 
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Figure 4. Schematic profile of the ceramic membrane with randomly orientated titanate and 5 
alumina nanofibres [8].  
 
 
4.4 Nanoporous alumina from anodization of aluminium films 
  10 
Anodized aluminium oxide (AAO) membranes with a uniform pore size have been studied 
for the separation of viruses [62]. Porous alumina films are formed by anodic oxidation of 
aluminum in an acidic solution [109]. The porous alumina contains cylindrical pores of a 
uniform diameter oriented perpendicular to the surface and approximately arranged in a 
hexagonal array (Figure 5). Porous alumina with a pore density of 1012 cm-2 and pore 15 
diameters ranging from about 5 nm up to 300 nm can be produced. One advantage of the 
nanoporous alumina is that a high temperature process can be employed for sterilization.  
 
 
Figure 5.  Highly ordered nanoporous anodic alumina [109]. 20 
 
4.5  Mesoporous ceramics 
Ordered mesoporous materials (pore sizes between 2 nm and 50 nm [63]) have gone through 
a stage of very rapid development, after the first successful synthesis of meso-structured 
materials by Mobil Oil R&D Corporation through supramolecular templating in 1992 [64]. 25 
To date, these materials have been well accepted in electronic, optical, environmental, and 
biomedical applications, due to their regularly arranged 3-dimensional pores. Periodic 
mesoporous silicas were purposely modified to be used as absorbents for pollutants in 
wastewaters. Thiol-functionalized large pores in MCM-41 (an ordered mesoporous silica) 
can remove the metal ions such as those in actinides and methylmercury for the remarkable 30 
adsorption capacity of 600 Hg/g [65]. More recently, thiolated SBA-15 (an ordered 
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mesoporous silica) was found to exhibit high complexation affinity to mercury cations, while 
aminated SBA-15 showed a high binding ability to copper, zinc, chromium, and nickel 
cations [66].  The demand for bioapplications, such as encapsulation and separation of 
proteins, drove the development of ordered mesoporous silicas towards very large pore sizes 
of near 30 nm [67-69]. Stucky et al. [69, 70] have synthesized a series of mesoporous silicas, 5 
termed SBA-n (n = 1–3, 8, 11, 12, 14–16) structures. Figure 6 shows the TEM (transmission 
electron microscopy) images of mesoporous SBA-15 silicas with different pore sizes. 
        
Figure 6. TEM images of calcined hexagonal SBA-15 mesoporous silicas with 
different average pore sizes: (A) 60Å, (B) 89Å, and (C) 200 Å [67]. 10 
 
The uniquely ordered porous structure and the extremely high surface area of the 
mesoporous ceramics provide them with highly selective and excellent absorbent abilities, 
which enable them to act as both specific virus filters and adsorbents potential virus removal 
application. In recent years, Zhao et al. [71] and Xia et al. [72] have reported hexagonally 15 
ordered biocompatible mesoporous materials, i.e. SiO2-CaO-P2O5 based mesoporous 
bioactive glasses (MBGs), which have been investigated for drug delivery. 
 
4.6  Ceramic Nanoparticles 
Ceramic nanoparticles, as a special type of nanoceramics, provide another efficient means 20 
for the virus removal from human blood. One viable method to attack HIV is to target and 
drug the virus using nanoparticles to assist in the removal or destruction of the virus from the 
human body. With a size ranging from 5 to 20nm, inorganic metal oxide nanoparticles are so 
“unnaturally” small that they simply cross biological barriers and diffuse into living systems 
[73]. In 2007, Link et al. [74] reported that the flame-spray synthesized ceramic 25 
nanoparticles, such as aluminum, cerium and zirconium oxides are ready to bind nucleic 
acids at up to 4 plasmids per nanoparticle, without any special treatment during or after the 
production process. Thus, nanoparticles can carry therapeutic genes and can enter cells 
infected with viruses to counter-act the viruses. On the other hand, it was also found that, 
inorganic metal oxide nanoparticles were able to efficiently bind and sediment a variety of 30 
viruses including the human-pathogenic adenovirus and HIV type 1. Another “super star” 
nanoceramic material is amorphous Ca3(PO4)2. The use of amorphous Ca3(PO4)2 for virus 
removal would offer an ultra low cost method for disinfection while exclusively using 
harmless substances (calcium and phosphate) [74]. When combined with a filtration 
technology to remove infectious prokaryotes, the unique nucleic acid and virus-binding 35 
capacity of the ceramic nanoparticles may represent an affordable and straightforward way 
to remove key pathogenic compounds from contaminated water and ready for medical 
applications [74].  
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5. Conclusions 
 
Nanotechnology is paving the way for us one day to physically remove viruses in the human 5 
blood by using ceramic nanomembrane/ nanofibre filters or ceramic nanoparticles. These 
nanoceramic filters/ nanoparticles can filter out/ absorb the unwanted viruses and thus purify 
the blood, leading to a new and very novel way of tackling the ever increasing spread of 
viruses in blood. Meanwhile, the rapid development of nanotechnology allows the fine 
design and control of pore size/ particle size of the nanoceramic materials, which will in turn 10 
create some more accurate means for the virus removal. Targeted delivery of drugs with the 
above mentioned nanoceramics, or sometimes coupled to biosensors, has also been recently 
applied to kill the viruses in a very specific way. Most of the above virus removal techniques 
have been used for water treatment, which could provide valuable experience for the virus 
removal from human blood. However, while filtration technology should be effective in 15 
removing free viruses in “blood products”, whole blood cells infected with viruses are 
another matter.  For example, HIV predominately does not just float around the bloodstream. 
In reality, HIV invades macrophages and T cells where it either replicates or goes latent by 
incorporating its sequences into the genome of theses cells. Without the destruction of 
macrophages and T cells there is simply no way to purge HIV from blood. In other words, 20 
while one can physically remove the extracellular viruses from blood and thus mitigate the 
viral contamination of blood, those intracellular viruses which replicate within blood cells 
cannot be attached by the filtration technology. 
 
 25 
 
6.  Expert commentary & five-year view 
 
Some viruses in blood are freely moving in the plasma and other viruses are engulfed by the 
blood cells. Viruses can also infect other cells and the tissues in the human body. The 30 
removal of free viruses in the blood is relatively easy to achieve by filtration. Due to the 
small sizes (in nanometers) of the viruses such as HIV and hepatitis B, the filters for the 
filtration must have pore sizes smaller that the sizes of the viruses. Thus nanoporous 
membranes and filters have been developed over the last years. While sol-gel technology has 
been used to produce nanoporous membranes, there is a risk of pinhole or crack formation, 35 
which results in the failure of viral removal by filtration. On the other hand, nanofibres have 
been used to produce nanoporous membranes through nanofibre assembly and partial 
sintering of the packed nanofibre sheets. Nanofibre membranes have solved the problem of 
pinhole or crack formation, but it is difficult to prepare the nanofibres with suitable 
diameters and aspect ratios. Virus removal through nanoporous membranes and filters is at 40 
present delivered by the manufacturer as sterile devices for single use, which demands to be 
tested for integrity before and after use. Failure of the test before the use of the filter is easy 
to deal with; failure after use forces a rework of the batch, if a validated method is available 
for this purpose. Besides, there is another challenge i.e. their tendency to clog because of the 
presence of protein aggregates in solution. Proteins are subjected to shear forces during 45 
filtration, which may have some deleterious effects on protein integrity, efforts need to be 
made to overcome these challenges in the future study. Free viruses can also be captured by 
nanoparticles with a binding/ targetting capability. Nanoparticles can also be used to deliver 
genes or therapeutic proteins to the cells infected by the viruses. However, it is still 
challenging to target the infected cells and find effective therapeutic proteins. 50 
Deleted: Currently, m
Deleted: While 
Deleted:  
Deleted:  but
Deleted:  
Deleted: removed 
 -12-
 
In the coming years, new and modified nanofibres will be manufactured. Based on toxicity 
evaluation of nanofibres, more environmentally friendly and biologically compatible 
nanofibres will be produced. Titania and fluorohydroxyapatite nanofibres may prove to be 
favourable. Some new methods may be introduced; at the moment, the nanofibres cannot be 5 
aligned under control and thus nanotools may be used to do the nanofibre handling. There 
will be more research on the functionalization of nanoparticles for targeted delivery of drugs 
or genes to inactivate and damage viruses and restore the functions of virus-infected cells. 
Nanoparticles and nanofibre membranes will be used jointly to construct medical devices for 
the capture and removal of viruses from blood. Blood purification will become common 10 
practice like water purification does and will form a profitable biomedical industry. 
Eventually, the problem of infection by HIV and hepatitis B viruses will be alleviated. The 
development of nanoparticles and nanofibre filters will go hand in hand with the advance of 
nanoscience and nanotechnology, which holds a great potential for the 21th century. 
 15 
 
 
7. Key issues 
 
• Human immunodeficiency virus (HIV) has infected about 39.5 million people in the 20 
world, and more than 350 million people are infected with hepatitis B virus (HBV). 
• Through the application of nanomaterials, contaminated human blood or blood from 
patients with HIV/ HBV can be purified by filtration of the freely moving viruses or 
by genetic modification of the living cells infected with the viruses.  
• Organic membranes are susceptible to flux reduction and sensitive to chemical attack, 25 
which inhibits regeneration and/or disinfection of the membranes once fouling occurs 
from organic debris and inorganic scaling.  
• Ceramic membranes can offer high thermal stability, high chemical stability and 
excellent biocompatibility, which will facilitate the sterilization of the medical 
devices,  and bring new opportunities for virus removal. 30 
• A wide range of nanoceramics have been recently developed such as alumina, titania, 
zirconia, etc. and various forms of the nanoceramics have been applied for virus 
removal including nanoporous/mesoporous membranes, nanofibres, ceramic 
nanoparticles, etc.  
• Nanoceramic composites have been introduced to improve the comprehensive 35 
properties and the study of nanocomposite filters or particles will remain to be one of 
the research focuses in the future. 
• Nanoparticles, porous membranes and nanofibre membranes will be used jointly to 
construct medical devices for the capture and removal of viruses from blood. 
• With the development of nanoscience and nanotechnology, the size and the structure 40 
of the nanoparticles, the nanofibers, and the nanoporous membranes will be better 
controlled for improved properties. 
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